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ABSTRACT 
The major goal of this research was to understand the role of number of branching, 
molecular weight and hydrophilic balance of chains segments on star polymer morphology. 
The present work was focused on synthesis of linear and star-shaped macromolecules with 
specific topology, using different types of polymerization methods, such as anionic and atom 
transfer radical polymerization (ATRP). After synthesis of a series of amphiphilic star 
macromolecules, the chemical composition of the polymers was confirmed by nuclear 
magnetic resonance (NMR), Fourier transform infra-red (FTIR) spectroscopy, and gel 
permeation chromatography (GPC). Then, the physical properties of the polymers were 
analyzed by differential scanning calorimetry (DSC) and X-ray diffraction techniques. X-ray 
data showed that the degree of crystallinity decreased for PEO star homopolymer. It was due 
to a junction of the branches of the star polymers. For heteroarmed PEOn-b-PSm, where 
n+m=4, star polymers, the degree of crystallinity depends not only on architecture, but also 
on a ratio of PEO and PS segments. Finally, the behavior of the amphiphilic macromolecules 
at the air/water interface and on a solid surface was characterized by atomic force 
microscopy (AFM). As observed, all amphiphilic star polymers formed stable monolayers at 
the air/water interface, which later can be successfully transferred on a silicon substrate. The 
amphiphilic star polymers spontaneously aggregated after spreading the polymer solution on 
the surface of water. At the small surface pressure, the amphiphilic star polymers form 
monolayers with circular micellar structures. In the case of PEO-b-PS3 star polymer with 
higher content of PEO, the aggregates move closer together without increase in size with 
increasing surface pressure until layer collapsed. The PEO-b-PS3 star polymer with lower 
PEO content, aggregates a re collapse in 1 amellar structures when surface pressure reached 
5mN/m. Also, the specific kind of star polymer, containing alkyl terminated hydrophilic 
hyperbranched core, was synthesized. AFM studies were applied to determine the role of 
amphiphilic core-shell balance on the aggregation of the polymer in the mono layer at the 
interface. 
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1. CRITICAL LITERATURE REVIEW 
1.1 General introduction 
A lot of attention has been recently paid to the synthesis and study of branched 
polymers with different chemical composition and architecture. A specific class of branched 
copolymers is the star-shaped copolymers, which can contain different number of arms. 
They are the simplest structure of branched macromolecules where all chains are connected 
to a core of small molecular mass. The most common type star polymers have arms that 
differ in either molecular weight or composition. They are called heteroarmed or mixed-arm 
(also miktoarm) star polymers. A lot of different star-shaped polymers with different number 
of arms and chemical composition were designed. 1'2 They are expected to exhibit unique and 
interesting behavior and properties in bulk, melt, solution and thin film due to their 
heterogeneity of structures and to chain branching. 3•4 
Amphiphilic branched copolymers with hydrophilic and hydrophobic segments have 
been a subject of numerous studies.5'6 Branched macromolecules containing hydrophilic 
polyethylene oxide (PEO) segments and hydrophobic segments, such as polystyrene (PS), 
have attracted much attention, because polyethylene oxide segments are not only hydrophilic, 
but also nonionic and crystalline. T he a mphiphilic nature of these copolymers containing 
incompatible segments gives rise to special properties in selective solvents, at surfaces, as 
well as in the bulk, owing to microphase separation.7 They have many uses including 
polymeric surfactants, electrostatic charge reducers, compatibilizers in polymer blending, 
phase transfer catalysts or solid polymer electrolytes. 
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A lot of macromolecules with variety of topology such as, star block,8'9' 10 mikto-
armed, 11 Gemini12 and Janus-type13 of PEO/PS branched copolymers have been synthesized. 
It was observed that the overall behavior (phase transition, self-aggregation in solution) of 
these amphiphilic branched polymers was governed not only by their chemical composition, 
molar masses or their concentration, but also by topological arrangement of their subchains. 
1.2. General routes of synthesis of the star polymers 
The synthesis of materials with controlled compositions and architectures continues 
to be a focus of current research. Five of the most common architectures of branched 
macromolecules are shown in Figure 1. These are grafted, star/multi-armed copolymer, 
hyperbranched and dendritic architectures, dendrimer-like star polymers ands tarp olymers 
with hyperbranched or dendritic fragments attached to the end of star chains. 
There has been growing worldwide research directed toward polymers with branched 
structures primarily because the presence o f branches leads to significant modifications of 
h . 1 . 4 14 p ys1ca properties. ' Hyperbranched and dendritic macromolecules, with their fractal 
structure and multitude of branches, have attracted the most attention in this field. 15,16,17,18 ,19 
However, polymers with a small but controllable number of branches are also of interest 
because such materials may offer a practical method to control physical properties by 
chemical composition and architecture. Large-scale use of dendrimers by industrial 
applications, such as drug delivery and catalytic systems, is limited by several factors, most 
importantly the enormous cost in synthesis and purification. 20 With each generation the time 
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of reaction is increased and the product yield is decreased, thereby, increasing tremendously 
the overall cost of synthesis. 
a b C 
d e 
Figure 1. The common types of architecture of branched polymers: a) grafted, b) star 
polymer, c) dendritic and hyperbranched polymers, d) dendrimer-like star 
polymers, e) star polymer with grafted branched segments 
Hyperbranched molecules were designed to use the tree-like structure of dendrimers 
with their known benefits in properties while reducing the cost and time of synthesis. Often, 
these molecules are created in one-pot synthesis without the lengthy stages of stepwise 
reaction and purification necessary with traditional dendrimers. Despite significant 
polydispersity and inherit defect of their chemical structure caused by internal cyclization 
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and side reactions, hyperbranched polymers possess, to a great extent, all maJor 
characteristics of compact nanoparticle-like structures with significant fraction of terminal 
groups located on the exterior of the molecules. 10-14 However, in contrast to the highly 
regular dendrimers, the hyperbranched polymers did not show sharp transitions and exhibited 
a macroscopic spreading behavior similar to that of isotropic liquids. 15 
Star polymers containing several chains radiating from a relatively compact core, 
represent a special case of branched polymers (Figure 1 b, d, e). Like dendrimers, they can 
possess a globular structure (at least for molecules containing a large number of relatively 
short arms) and have defined inner and peripheral groups. Also, like hyperbranched 
polymers, their synthesis can be accomplished in a few steps. There are three basic synthetic 
routes for star polymers, as discussed below. 
The "armfirst" approach consists of reacting preformed, terminally functionalized 
polymer chains with a multifunctional quencher molecule that forms the core of the star 
(Figure 2).21 '22 •23 However, reaction of several polymer chains with a single core molecule is 
often difficult because of steric hindrance, which leads to stars with missing arms. A related 
approach involves reacting living chains with a multifunctional monomer such as 
divinylbenzene; however, this technique is not easy controlled and leads to a broad 
distribution of arm numbers (Mn=2 000-10000, number of arms ::::: 5-40). 
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z 
"Arm first " 
v z*z =' ~x .. ~x z z 
Initiator "Living" chain ~"'-
Polymerization 
Core 
X ' -X =ly 
"Core first " x*x • 
X X Polymerization 
X 
X~ation 
Core X 
Star 
Polymer 
Figure 2. "Ann-first" and "core-first" approaches of synthesis of star polymers 
The alternative "core-first" approach involves growmg polymers from a 
1 . . 1 . . . 1 (F. 2) 24 25 26 H h 1 mu t11unct10na 1 mtiator or precursor po ymer 1gure . ' ' ere, t e core reacts on y 
with monomers, a less sterically demanding process. However, for ionic polymerizations, 
applied in the "core first" approach requires the use of multiply charged initiators, which 
usually exhibit poor solubility, which is caused wide molecular weight distribution. It would 
be highly desirable to apply conventional free-radical polymerization to the synthesis of star 
polymers. 
h h. d h d . 1· h . . f h fi hn' 7-9 27 28 29 In h' T e t ir met o 1s a s 1g t vanat10n o t e arm- irst tee 1que. ' ' ' t 1s 
method, the reactive macroinitiators (arms) produced by a living polymerization technique. 
For a true living system, all growing polymer chains are initiated at the same time and grow 
at the same rate with no termination of growing end. Then the polymer arms are cross-linked 
by a divinyl reagent to form star polymers. This combined method is shown in Figure 3. 
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First, a few units of divinyl reagents were added to the reactive macroinitiators (arms) 
to form short block copolymers with dangling vinyl groups. Then, the reactive 
macroinitiator chain ends react with the dangling vinyl groups to form a microgel core, or 
add to a sterically accessible star core. Finally, core-core coupling reaction can occur to form 
a more branched star polymer. 
Polymer 
Linking 
Divinyl 
Compound 
Star-Star 
Coupling 
Figure 3. The combined technique of synthesis star molecules 
+ 
In the past, star polymers have been mainly produced using living ionic ( anionic or 
cationic) polymerizations. As known, these reactions are demanding to carry out because of 
their sensitivity to air, moisture, and certain functional groups. 10' 13 '30 Until recently, radical 
polymerization was not controllable, leading to chains with poorly defined lengths and end 
groups, which are unsuitable conditions for the synthesis of star polymers. Thanks to the 
progress in controlled radical polymerization techniques, also called atom transfer radical 
polymerization (ATRP), it is now possible to avoid these problems. Recently, using radical 
mechanisms polymer chemists have synthesized polymers with narrow molar mass 
7 
distribution and predictable chain lengths, the hallmark of living polymerization. 31 ,32,33 ,34 
Moreover, block copolymers and other more complex chain architectures have been prepared 
using free radical polymerization, hitherto impossible achieved. With regard to star 
polymers, a number of research groups have already synthesized these structures using living 
radical polymerization chemistry. Both the "arm-first"35 and "core first"36,37,38,39,4o 
approaches have been exploited. 
Lately, many researchers have reported the synthesis of the star-shaped polymers with 
chemical asymmetry (also called hetero- or miktoarm star) mainly by anionic polymerization. 
The recent developments in this field have been reviewed.41 Asymmetric star polymers are 
branched macromolecules having different molecular weight and chemical nature among the 
arms. Some examples of heteroarmed star polymers are represented in Figure 4. Until 
recently, very little was known about their properties due to difficulties in the preparation of 
these products with high structural uniformity. 
I I 
PEO PS 
Figure 4. Schematic representation of some heteroarmed star polymers 
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In addition to symmetry and architecture, the nature of the terminal functional groups 
of polymers has importance because of the versatility of the applications they afford. A very 
important requirement of end-functional polymers is their perfect terminal functionality: for 
example, step-growth processes a re very sensitive to precise end-group stoichiometry, and 
polycondensates of high molar mass can be prepared only if the functionality of precursors 
corresponds to a known whole number. Similarly, for the synthesis of block copolymers by 
chain addition, it is o f p aramount importance that a 11 chains serving as m acroinitiators be 
fitted with the required function. Reactive functions can be introduced at chain extremities 
by initiation with a functional initiator, end capping, or transfer.42 
The most efficient procedure to prepare end-functionalized star polymers is to quench 
"living" chains with an appropriate deactivating agent used under selective conditions. This 
approach was applied with great success in "living" anionic polymerization to generate a 
variety of co-functional polymers such as macromonomers and telechelics.43 • 44 A variant of 
the end quenching methodology is the chemical transformation of the end groups carried by 
preformed polymers. 
The latter approach is found particularly useful in c arbocationic polymerization, in 
which direct quenching of "living" chains by nucleophiles does not necessarily yield the 
expected functions. Except for poly (vinyl ether)s, which were found amenable to the end-
quenching technique, the functionalization by chemical transformation of isolated polymers 
was preferred in polyisobutylene (PIB) and PS because of their well known polymerization 
procedures. Kennedy and Ivan described various quantitative transformations of tert-
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chlorine groups of PIB into miscellaneous reactive groups.45 Likewise, Miyashita et al. 
reported the derivatization of chloro end functions of cationically prepared PS samples using 
organosilicon compounds, after noting that direct end-quenching of living polystyrene chains 
by the same reagents is effective only in certain experimental conditions (low concentration 
of Lewis acids).46 
More recently, Matyjaszewski et al. showed how to derivatize PS chains obtained by 
atom transfer radical polymerization.47 The developments in this field have been reviewed.48 
Cloutet et all reported the end-functionalization of six-armed PS stars using organosilicon 
compounds. They describe how to obtain hexa-allyl and hexa-azido PS stars from sec-
chlorine ended PS stars. 49 
1.3. Interfacial behavior 
Amphiphilic diblock copolymers are a category of block copolymers, which have 
been widely studied in particular for their ability to form monolayers at the air/water 
interface.50•51 •52 They are comprised of a hydrophobic block anchoring the chains at the 
interface and of a hydrophilic block, which is soluble int hew ater s ubphase. C opolymer 
monolayers can also form at the surface of other solvent-air interfaces such as that of a 
selective solvent for one of the two blocks; the other block, being in a bad solvent, is acting 
as a buoy for the polymer chain at the solvent-air interface. S imilarly to short surfactant 
molecules, compression isotherms of the Langmuir films of copolymers can be performed. 
The poly(ethylene oxide)-block-polystyrene (PEO-b-PS) diblock copolymers show a 
variety of morphologies at the interface including circular aggregates, rods, ribbons, and 
large lamellae (Figure 5).53 The use of poly(ethylene oxide) as the hydrophilic block is an 
important test case given that a number of studies 54'55 suggest that PS-b-PEO diblock 
copolymers form a stable film at the air/water interface with round micellar structures 
(Figure 6). 56 
Figure 5. Topographic (left) and phase images (right) of PEO 10,000/PS block copolymer 
samples: a) PEO-b-PS, (85 wt¾ PEO); b) PEO-b-PS,(52 wt¾ PEO); c) PEO-b-PS, 
(85 wt¾ PEO); d) The sample ( c) after 30 min on air. All images are 1.0 µm x 1.0 
µm. The Z-range of images is 50 nm, 25, 100 and 50 nm, respectively. The phase 
scale is 180°, 25°, 180° and 100° respectively. 54 
The monolayer behavior at the air/water interface of diblock copolymers, particularly 
PEO-b-PS based systems has been of interest during the past few years (Figure 
6). 57 ,58,59,60,6 1,62,63 
11 
250k 375k 
Figure 6. Tapping-mode AFM images PEO-b-PS diblocks: a) Mn=250.3K (15.5 wt % 
PEO);b) Mn=200K (60 wt% PEO); c) Mn=375K (92 wt% PEO). All images are 
4.0 µm x 4.0 µm with height scales shown as a gray scale. The average heights of 
the features are 1 7, 7, and 4 nm, respectively. 57 
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There are a few mechanisms proposed to describe domain formation at the air/water 
interface (Figure 7). All mechanisms considered a linear block copolymer with hydrophilic 
and hydrophobic blocks. Goncalves da Silva et al. postulated that block copolymers form 
micelles in solution prior to spreading and upon deposition form surface micelles, which 
become more densely packed with increased surface pressure (Figure 7a).36 An et al. and 
Isrealachvili suggested that the polymers are deposited as unimers onto the subphase and 
only aggregate upon compression (Figure 7c).64' 65 
rn 
solution 
re = 0 
a) 
deposition of 
surface 
miceltes 
deposition 
b) 
comprt.--ssion 
induced surface 
aggregation 
deposition 
c) 
spontaneous 
surface 
aggregation 
Figure 7. Schematic depiction of the proposed mechanisms for the formation of surface 
aggregates. Here black represents the PS block and gray the PEO block in the 
di block copolymer. 63 
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Recently Cox et al. have established that linear block copolymers deposit as a 
combination of the first two models. 36 Unimers deposited and spontaneously aggregated on 
the substrate (Figure 7c). The aggregates become more dense upon compression. The 
authors observed the range of morphology, which were separated in two broad categories: 
ordered circular aggregates (Figure 8b and 8d) and mixed morphology of rods and pancakes 
(Figure 8a and 8c ). They found that morphology depends on relative block size. The circular 
aggregates correspond to 57-66 mol % PS in the block copolymer. Above this PS contents a 
mixture of rod-like and pancake morphologies is apparent. 
Fransic et al found that (PEO-b-PS)3 three-arm star polymer at the air/water interface 
spontaneously aggregated after spreading the polymer solution on the surface of water 
(Figure 9).66 PEO spreads at the air/water interface due to its hydrophilic nature. Both PEO 
and the water surface, however, repelled the hydrophobic PS. These aggregates move closer 
together and grow in size with increasing surface pressure. Well-defined, hexagonally 
packed spherical domains of PS were seen at low pressures (< 5mN/m), occasionally they 
tended to form rod structures and surrounded by lower elevation PEO regions (Figure 9a and 
9b ). This morphology was followed by rod-rich morphologies at intermediate pressures 
(Figure 9c and 9d). 
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a 
C d 
Figure 8. TEM and AFM images of PS-b-PEO copolymer at pressure 2mN/m. Image size is 
4.0 µm x 4.0 µm and the scale bar is 500nm:a) PS(125)-b-PEO(30), b) PS(140)-b-
PEO(80), c) PS(215)-b-PEO(37), d) PS(215)-b-PEO(l 13).63 
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The PS coverage area showed a large increase in size with increasing surface pressure 
consistent with theory that aggregates became denser on compression. At higher pressures, 
PS clusters collapse and multilayer film occur (Figure 9e and 9f). 
a) b) c) 
II= 0.2 mN m·1 Il=0.5 mNm-1 
d) e) f) 
IT- 5 mN m- 1 TI =30 mNnf1 
Figure 9. AFM images of (PEO-b-PS)3 star polymer mono layer on a mica surface. The 
horizontal scale is 2 µm, and the vertical scale is 10 nm. The bright domains are 
PS, and the dark domains are PEO.67 
The formation of surface micelles or aggregation at the air/water interface has been 
observed for linear PEO-b-PS systems67, but there are only a few papers on PEO-b-PS-based 
stars under similar conditions. 68 But that star polymers were synthesized by anionic 
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polymerization. Its have chemical composition (PEO)10(PS)10, where 10 is number of arms 
and molecular weight of arm MnPEo=25000 and Mnps=2300. Also, in previous research, 
amphiphilic heteroarmed PEO/PS star polymer characterized by low molecular weight of 
PEO block (Mn <2500Da) and symmetrical architecture, like (PEO-b-PS)n block copolymers 
or H-type (PS)2n-(PEO)n-(PS)2n, While previous attempts of synthesis of heteroarmed star 
polymers with various architectures have been successful, the studies lacked the 
characterization of the bulk properties and understanding of the influence of architecture in 
surface properties. 
1.4. Goal 
The aim of this research was synthesis of linear and star-shaped amphiphilic 
macromolecules with specific star-like topology, by using anionic polymerization and ATRP 
and understanding their surface behavior. The chemical composition of the polymers was 
characterized by 1NMR, FTIR and GPC. DSC and X-ray measurements are conducted to 
understand effect of architecture of polymers on physical properties, bulk structure and 
surface behavior. The influence of number of branching, molecular weight and 
hydrophobicity of chains segments on polymer morphology is studied. AFM, ellipsometry, 
and contact angle measurements are employed to study the surface behavior of the 
amphiphilic star polymers on the solid supported layer. 
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1.5. Objectives 
1. Linear and Star PS and PEO homopolymers: 
• Synthesis and chemical characterization of linear PS and PEO polymers with 
varying molecular weight. 
• Synthesis and chemical characterization of 4-arm PS and PEO star homopolymers 
with varying molecular weight. 
• Comparing thermal properties of star homopolymers with a linear homopolymer 
• Study of the bulk properties of the star homopolymers by X-ray diffraction to 
compare the bulk crystalline properties of the linear analogs. 
2. Amphiphilic 4-arm PS/PEO star polymers: 
• Synthesis and chemical characterization of series P EOn-b-PSm h eteroarmed star 
polymers with different number and molecular weight of various polymer chains 
(n=l, m=3 and n=m=2). 
• Comparison oft hermal properties of star polymers with different ratio between 
PS and PEO fragments versus a linear homopolymer. 
• Study of surface behavior and determination of optimal conditions to form stable 
monolayers at the air/water interface of heteroarmed star polymers. 
3. Hyperbranched polymers (HBP): 
• Synthesis and chemical characterization of hydrophilic hydroxyl-terminated 
hyperbranched polyester. 
• Synthesis and chemical characterization of substituted hyperbranched polymers 
with different degree of substitution using stearoyl radical as a chain fragment. 
18 
• Formation and characterization of the uniform monolayers at the air/water 
interface to ascertain the packing structure. 
1.6. Approaches 
Star-block copolymers present a prom1smg system for studying highly branched 
polymeric architectures. In order to understand the role of chemical composition and 
architectures on the bulk and surface properties of star-shaped macromolecules, we 
synthesize a series of PEO/PS macromolecules (Figure 10) by sequential anionic and atom 
transfer radical polymerization (ATRP). 
Series I included the linear and three- and four-armed star PEO and PS 
homopolymers. Series II included 4-arm PEOn-b-PSm heteroarmed star polymers with 
different numbers of PEO and PS arms (n=l, m=3 and n=m=2). 
Also, the alkyl terminated hyperbranched polyester with different degree of 
substitution was synthesized as a specific kind of star polymer in order to determine the role 
of amphiphilic core-shell balance on the aggregation of the polymer in the monolayer at the 
air-water interface. 
19 
PEO PS 
\ _____ y _____ _) y 
Series I Series II 
Figure 10. PEO/PS star -block copolymers 
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2. MATERIALS AND CHARACTERIZATION 
2.1. Chemicals, materials and sample preparation 
Tetrahydrofuran (THF) was purified by drying over sodium-benzophenone before 
distillation. Styrene (St) was stored over calcium hydride and then vacuum distilled before 
use. Ethylene oxide (EO) (Aldrich) was purified by stirring over CaH2 during 3h before 
being distilled into reaction flask. Methylene chloride was distilled over CaH2. 2,2' -
Bipyridine (Bipy, Acros), triethylamine (TEA, Fisher), 2-(Benzyloxy)-ethanol 1, 
pentaerythritol, 2, 1-bromo-(l-phenyl)-ethane, 3, were purified according literature. 69 
Potassium naphthalide (K-Naph) was prepared according described procedure.70 4-
(Dimethylamino )pyridinum-4-toluenesulfonate (DPTS) was prepared according to a 
1. d 11 1terature proce ure. Copper (I) bromide (CuBr) was purified according to a reported 
procedure.72 Methanol (Fisher), hydrochloric acid (aq., 12 M, Fisher), 2-bromoisobutyryl 
bromide (Alfa Aesar), tert-butyldiphenylchlorosilane (TBDPS-Cl, Aldrich), tert-
butyldimethylchlorosilane (TBS-Cl, Aldrich), potassium and 4-dimethylaminopyridine 
(DMAP, Acros) were used as received from. All water solutions are prepared using purified 
water (Nanopure, >18 MO·cm). Sulfuric acid, 98% ofreagent grade, and hydrogen peroxide, 
30% of reagent grade (Fisher Scientific), are used for pre-fabrication treatment of silicon 
wafers. 
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2.2. Sample fabrication 
2.2.1. Silicon substrate preparation 
The solid substrates were freshly cleaned, atomically smooth, [100] silicon wafers of 
high quality surface with micro roughness not exceeding 0.1 nm within lxl µm surface areas 
(Semiconductor Processing Co). Silicon wafers are cut in rectangular pieces of~ 1 x2 cm. 
Wafers were cleaned to remove any organic and inorganic contaminants from the surface 
according to the standard procedure.73 Initially, silicon wafers submerged in Nanopure water 
were treated for 10 min in an ultrasonic bath at room temperature. Then, they were cleaned 
with a hot "piranha solution" (30% concentrated hydrogen peroxide, 70% concentrated 
sulfuric acid, hazardous solution!) for one hour tor emove organic contaminants ands trip 
original silicon oxide surface layer. Finally, treated substrates were abundantly rinsed with 
Nanopure water and dried with a dry nitrogen stream. This treatment results in a fresh silicon 
oxide layer of 1.0-1.2 nm thick with a high concentration of silanol groups. 
2.2.2. Preparation of LB layer of polymers 
The surface behavior of amphiphilic macromolecules was studied at the air/water 
interface, and LB monolayer deposition was conducted using a LB trough (R&K 1, 
Germany, Figure 11). 45-60 µL of dilute polymer solution (concentration about 1 mmol/L) 
in chloroform was deposited onto the Nanopure water surface of LB trough and left to 
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evaporate the solvent for 30 minutes. Then monolayer was compressed at the rate 100 µm/s 
to specific pressure with measuring the surface pressure. 74 
Barrier ._. 
Balance v1ith 
VVilt1elrny plate 
lvlonolayer covered surface 
Trough with subphase 
Barrier .......... 
Figure 11. Schematic illustration of a Langmuir film balance with a Wilhelmy plate 
electro balance 
The deposition of monolayer onto silicon substrate was accomplished by dipping a 
solid substrate up through the monolayer while simultaneously keeping the surface pressure 
constant by a computer controlled feedback system between the electrobalance measuring the 
surface pressure and the barrier moving mechanism. Consequently the floating monolayer 
was adsorbed to the solid substrate. The deposition process was schematically shown in 
Figure 12. The surface pressure was held constant as the submerged silicon substrate was 
lifted from the trough. Deposited LB monolayers were characterized with AFM immediately 
after transfer to a solid substrate. 
23 
Figure 12. Deposition of a floating monolayer on a solid substrate 
2.2.3 Polymer adsorption 
Polymers adsorbed onto bare silicon surfaces were prepared by submerging a solid 
substrate in the polymer solution for specific time. After washing substrate twice with the 
solvent, used for the preparation of polymer solution, sample was dried under the stream of 
nitrogen. 
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2.3. Characterization techniques 
2.3.1.NMR 
1H NMR spectra were recorded with 300 MHz Bruker spectrometer with the solvent 
proton signal as the internal standard. The number-average molecular weight (Mn NMR) of the 
polystyrene and polyethylene oxide chains were calculated from the 1H NMR spectra from 
the ratio of the aromatic protons (8=6.2-7 .2) and the oxirane (-OCH2-) protons of ethylene 
oxide unit (8=3.6) against tert-butyl protons (8=1.1) respectively: 
Mn NMR(PS)=[ (hn-1.215)/(11.1/9)]*104; 
MnNMR(PEO)=[(h.62/4)/(/1.1/9)]*44 
Mn NMR(star PEOn-b-PSn polymer)=MnNMR(PS)+Mn NMR(PEO)+Mn(init), 
where h 72_7_2, h 6, are the integral values of the aromatic protons of PS and aliphatic 
protons of PEO blocks. 11.1 is the integral values of the aliphatic protons tert-butyl group 
(C(CH3)3). 104 and 44 are the molecular weight of styrene and ethylene oxide. Mn(init) is 
the molecular weight of the initiator, and it is 145.1 g/mol for PEO-b-PS3 and PEO2-b-PS2 
174.2 g/mol. The results are listed in Table 4. 
2.3.2. FTIR 
FTIR measurements were conducted on a Schimadzu 8300 spectrometer in attenuated 
total reflection (ATR) mode. Polymer sample was placed directly on the crystal and press 
using micropress to remove air. Spectra averaged of hundred runs are collected. 
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2.3.3. GPC 
Gel Permeation Chromatography (GPC) technique was used to determine molecular 
weight (Mn, Mw) and polydispersity index (PDI), of polymeric samples. GPC measurements 
in THF were was performed in HPLC-grade THF at a flow rate of 1 ml/min using a Water 
Breeze GPC system equipped with Waters 1515 pump, Waters 71 7 /plus autosampler, Waters 
2414 RI-detector and Wyatt Technologies miniDA WN light-scattering detector. A set of two 
columns (PL-Gel Mixed C 5µm, Polymer Lab., Inc.) was used. Calibration was achieved 
using polystyrene standards (Polymer Lab., Inc.) with narrow molecular weight distribution. 
A polymer sample was dissolved in THF in order to have concentration around 0.5-1.5 
mg/ml and than filtrated through Teflon 0.2µm filter into GPC sample vial. 
2.3.4. DCS 
DSC analyses were performed on conventional MDSC Q 100 and PerkinElmer 7 
senes thermal analysis systems with rate of 20° C/min. Approximately 4-5 mg of the 
polymers was used for these measurements. 
3.3.5. X-ray measurements 
X-ray diffraction is an extremely valuable technique for investigating polymer 
structure and morphology. X-ray crystallography may be used to determine its structure, i.e. 
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how the atoms pack together in the crystalline state and what the interatomic distance and 
angle are etc. 
The X-ray measurements of bulk polymers were performed on Scintag X-ray 
Diffractometer. Scans were done in the 20 range of 5° to 35°, with a step size of 0.020°, and 
a count time of 1.2 seconds per step, resulting in a scan rate of 1 deg per minute. Initial 
voltage of the system was set at 45.0 kV, while the starting current was 40.0 mA. The 
incident radiation used was monochromatic Copper Ka, with wavelength of 1.54 A. 
2.3.6.AFM 
AFM provides a umque opportunity for visualizing of macromolecules in three 
dimensions on a nanometer scale. Under optimum conditions AFM is capable of resolving 
surface detail down to the molecular level.75 
Typical AFM setup is shown on Figure 13. Microfabricated silicon cantilevers with 
sharp pyramidal tips are used for the AFM studies. The scanning cantilever was mounted 
under a piezo tube that is used to move the tip over the sample (Figure 13). The laser beam 
is focused on the cantilever. The reflection of the laser light is projected via a mirror onto a 
quadrant photodiode. At each position, the cantilever deflection is measured, and thus a 
topography and phase maps can be constructed. 
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fYI~ 
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Figure 13. Typical AFM setup in the tapping mode 
Solid State 
Laser Diode 
Cantilever and Tip 
The AFM imaging of polymer samples was performed in the regime of the "light" 
tapping to avoid damaging of the monolayers. 58 In this mode, the cantilever is oscillated at 
its resonance frequency. 
The monolayers on silicon substrate were studied with both atomic force microscopes 
(AFM) Dimension-3000 and Nanoscope III Multimode microscopes (Digital Instruments, 
Inc.) in tapping mode.76•77 Scanning is conducted at 1 Hz scanning rate, for scales ranging 
from 20x20 µm down to 500x500 nm, and for several randomly selected surface areas. Tip 
radius was measured independently by scanning gold nanoparticles. 59 Typical AFM tip 
radius is between 10 and 30 nm and typical spring constants are from 40 to 60 Nim. 
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2.3. 7. Ellipsometry 
Ellipsometry is a sensitive optical technique for determining the thickness of thin 
films. The typical ellipsometry setup includes light source, usually laser, polarizer, sample 
table, analyzer, photodiodes detectors and computer with software for data treatment (Figure 
14). 
When linearly polarized light of a known orientation is reflected at oblique incidence 
from a surface then the reflected light is elliptically polarized. 78 The shape and orientation of 
the ellipse allows the thickness of the layer to be calculated. 
Light Source 
Polarizer 
Sample 
Figure 14. Scheme of ellipsometer 
Detector 
Analyzer 
Data 
Treatment 
The thickness of the deposited monolayers was measured with a COMPEL Automatic 
Ellipsometer (InOmTech, Inc.) with an incident angle of 70° and wavelength of laser of 634 
nm. The average thickness of silicon oxide layer was measured prior the layers deposition 
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and used during analysis of the ellipsometry data with double-layer model. The refractive 
indexes used for the layers of amphiphilic polymers were calculated with account of 
chemical composition of polymers according NMR data, 1.54 for PS and 1.33 for PEO.52 An 
averaging over five measurements from different location on the substrates is performed. 
2.3. 8. Contact angle 
Measurement of contact angles with other surface characterizing techniques can give 
information about the chemical structure of the surface and its influence on the surface 
energy. The contact angle was measured using a sessile drop technique on a custom-made 
stage equipped with a digital microscope (Intel Play Qx3). The micropipette is filled with 
N anoPure water and droplets of 5 µl were placed on the sample's surface. The angle between 
the water droplet and the surface was measured on the monitor using a protractor (Figure 15). 
Reported contact angle values were averaged over five measurements taken at different 
locations on the sample. 
0<90° 0=90° 0>90° 
1 T_angent 
Figure 15. Contact angle measurement 
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3. EXPERIMENT AL SECTION 
3.1 Synthesis of initiators. 
The initiators, pentaerythritol tetrakis(2-bromoisobutyrate) (4Bri-Bu ), 4,7'72 4-
(hydroxymethyl)-2,6, 7-trioxabicyclo[2.2.2]octane (HTBO), 5 79 ' 2,2-dimethyl-5,5-
bis(hydroxyl methyl)-1,3-dioxane , 680 were synthesized as described in literature (Scheme 
1 ). 
V ~OH HOXOH 0 Br 
HO OH 
1 2 3 
Brk0 ~~Br 
0~0H oxo HOX~>( s,-r{ oMs, c?Co HO 0 
0 O 
4 5 6 
Scheme 1. Initiators for synthesis linear PEO (1 ); linear PS (2); 4-arm star PEO; 4-
arm star PS; PEO-b-PS3 heteroarmed star polymer; PEO2-b-PS2 heteroarmed star polymer. 
Tetrakis(2-bromoisobutyryl) Pentaerythritolate 4.73 2-Bromoisobutyryl bromide 
(0.200 mol) was slowly added to a slightly cooled solution of pentaerythritol 3 (0.025 mol) 
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and triethylamine (0.15 mol) in THF. The solution was allowed to reach room temperature 
and stirred for 24 h. The mixture was then transferred to a separation funnel with 300 mL of 
dichloromethane and extracted successively with 10% HCl, 10% NaOH, and brine. The 
organic extracts were dried over MgSO4, and the solvent was removed by rotary 
evaporation. The crude extract was dissolved in a small amount of dichloromethane and 
recrystallized in methanol. 1H NMR (8, ppm, CDCh): 4.33 (s, SH); 1.94 (s, 24H). 13C NMR 
(8, ppm, CDCh): 171.3; 77.4; 63.2; 55.6; 44.0; 31.0. 
4-(Hydroxymethyl)-2,6, 7-trioxabicyclo[2.2.2}octane 5.80 In a 250-mL round-bottom 
flask are mixed 13.6 g (O. lmol) of pentaerythritol 3, 16 mL triethyl ortoformate (0.1 mol), a 
trace of p-toluenesulfonic acid, and 100 mL of dioctyl phtalate. The mixture is heated to 
120°c, and 1-1.5 equiv of ethanol are distilled of. The flask is in a Kugelrohr apparatus and 
heated to 1 so0c at 0.1 mmHg. Two receiving flask are used, the first one is cooled in a 
methanol/dry ice mixtures. After no more solid distilled over, the distilled material is 
dissolved in dichloromethane; the insoluble part is polymeric. After filtration and 
evaporation of the solvent, hexane, which will dissolve any distilled dioctyl phtalate, is added 
to the material. Filtration yields a white crystalline product with yield in about 50%. Product 
was recrystallized from toluene. M.p.87-89°C. 1H NMR (8, ppm, CDCh): 5.5 (s, lH); 4.0 (s, 
6H); 3.45 (d, 2H); 2.2 (t, lH). 
2,2-Dimethyl-5,5-bis(hydroxymethyl)-1,3-dioxane 6. 81 Pentaerythritol 3(50.0 g, 0.36 
mol) and p-toluenesulfonic acid monohydrate (0.61 g) were dissolved in 500 mL ofN,N-
dimethylformamide at about 80 °C (DMF, dried by molecular sieve at room temperature), 
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and then the mixture was allowed to cool undisturbed. When the solution cooled to about 40 
°C, stirring was started and 55.4 mL of 2,2- dimethoxypropane (0.36 mol) was added. After 
stirring 24 hat room temperature, the solution was stirred at room temperature with 9.0 g of 
base-treated DOWEX lXZ-100 ion-exchange resin for 1 hand filtered, and then the solvent 
was evaporated under reduced pressure below 85 °C. The base treated DOWEX lXZ-100 
ion exchange was prepared by washing 30 g twice with 200 mL of deionized water, then 
washed with 300 mL of 4% aqueous NaOH, and then washed three times with 200 mL of 
water, filtered, and then air-dried in a hood. After the treatment with this resin as noted 
above, the dry product was ground and extracted (Soxhlet), first with light petroleum ether 
(b.p.=40-60 °C) for 6 hand then with diethyl ether for 12 h, collected, and dried. Yield: 40.0 
g, white crystals (61.9% of theory); mp 124.5-125.5 °C. 1H NMR (8, ppm, DMSO-d6): 1.28 
ppm (s, 6H), 3.34 ppm (d, J=5.7 Hz, 4H), 3.58 ppm (s, 4H), 4.47 ppm (t, J=5.4 Hz, 2H). 
3.2. Synthesis of linear and star PEO homopolymers. 
A typical EO anionic polymerization was as similar to previously described 
procedure. 81 The initiator was dissolved in THF under small argon overpressure. A solution 
of potassium naphtalide in THF was slowly added; the green color was disappeared as 
alkoxide were formed. Then purified EO was distilled between -30 and -20 °c. The 
reaction flask was left with stirring to warm up for overnight. Then polymerization was 
completed at 45 °c for 48 h. The reaction was terminated with a few drops of HCl in 
methanol and the polymer was precipitated in diethyl ether (three times), dried and store in 
the refrigerator at +2 °c. 1H NMR of the linear PEO (Figure 16) (8, ppm, CDCh): 7.3-6.3 (m, 
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SH, aromatic); 3.6 (s, 4H, (CH2CH2O)n, PEO block). 1H NMR of the star PEO (o, ppm, 
CDCh): 3.6 (s, 4H, (CH2CH2O)n, PEO block). 
3.3. Synthesis of PEO block of heteroarmed star polymer. 
It was prepared according to the procedure described above, only instead of the acid 
solution in methanol the TBDPS-Cl (1.5 equiv.), TEA ( 2 equiv.) and D MAP ( 0.2 equiv.) 
were added to the reaction flask. The reaction mixture was stirring for another 24 hat 40 °c. 
After cooling down, the reaction mixture was treated the same way, as it was describe above. 
Yield=90%. 1H NMR of PEO-b-PS3 macroinitiator (o, ppm, CDCh): 7.3-6.3 (m, l0H, 
aromatic); 5.5 (s, lH); 3.6 (s, 4H, (CH2CH2O)n, PEO block); 1.0 (s, 9H, C(CH3) 3);. 1H NMR 
of PEO2-b-PS2 macroinitiator (o, ppm, CDCh): 7.3-6.3 (m, lOH, aromatic);l.32 ppm (s, 6H), 
3.6 (s, 4H, (CH2CH2O)n, PEO block); 1.0 (s, 9H, C(CH3)3) 
3.4. Deprotection of PEO block. 
1 g of PEO macroinitiator was dissolved in 3 mL of the solution of 80% acetic acid in 
THF. The reaction mixture was stirred 2h at room temperature. Then polymers were 
precipitated twice in ether and dried under high vacuum for 12h (yield=80%). The cleavage 
of the protecting groups was checked by disappearance of the peak at 5.5 ppm for PEO-b-PS3 
macroinitiator and at 1.32 ppm for PEO2-b-PS2 macroinitiator in 1H NMR spectra. 
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3.5. Synthesis of macroinitiators for heteroarmed star polymers. 
In typical reaction, polymer with deprotected OH-groups was chemically modified by 
2-bromoisobutyryl bromide in the presence of TEA. The bromo functionalized 
macroinitiatorinitiator 1 g (0.14 mmol) of PEO macroinitiator (Mn=7300) was dissolved 
under argon atmosphere in solution of 1ml o fTEA in 5 0 ml anhydrous THF. 0 .2 ml ( 54 
mmol, 10 eq.) of 2-bromoisobutyryl bromide was added dropwise at o0c (ice bath) over 15 
min under vigorous stirring. The reaction mixture was stirred overnight at room temperature. 
The triethylammonium bromide precipitated. After filtration solution was concentrated by 
evaporation and poured in excess of diethyl ether. After filtration precipitate was dissolved 
in small volume of dry THF, centrifuged to remove salt, precipitate one more time. 
Yield=80%. Functionalization was checked by 1H NMR-appearance of signal at 1.9ppm, 
which correspond to -OOC(CH3) 2Br groups.-
3.6. Synthesis of linear and star PS homopolymers. 
Schlenk flask was charged with tris(2-bromoisobutyrate) PEO macroinitiator 3 (0.2 g, 
3.33x10-5 mol), CuBr (13.2 mg, lxl0-4 mol), and Bipy (46.8 mg, 3x10-4 mol). Styrene (2.1 
mL, 2.2x10-2 mol) was added. The system was degassed and heated at 100 °C for 4 h. 
Dichloromethane was added to the crude product and the mixture was filtered over a column 
of neutral alumina. The solution was precipitated twice in a large excess of pentane. The 
polymer 5 was dried under vacuum at 30 °C and the conversion (28%) was determined by 
gravity. The GPC data pertaining to all the block copolymers synthesized are given in Tables 
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1. 1H NMR of PEO-b-PS3 and PEO2-b-PS2 polymers (8, ppm, CDCh): 7.3-6.3 (m, PS block, 
aromatic); 3.6 (s, 4H, (CH2CH20)n, PEO block); 2.5-1.1 (m, 3H, PS block, aliphatic main 
chain); 1.0 (s, 9H, C(CH3) 3). 
3.7. Hydrolysis of the PEOn-b-PSm and PS0 Copolymers. 
The procedure was similar to previously described in literature. Typically, a 
copolymer 7 (50 mg, 7.2 _ 10-5 mol of ester) was added in a flask and dissolved in THF (10 
mL). Then, KOH (1 mL, 1 M in methanol solution) was added via a syringe. The solution 
was refluxed overnight. The solution was concentrated by evaporation of the THF and 
precipitated in pure methanol (yield 40%). 
3.8 Synthesis of hyperbranched polymers (HP). 
All synthetic procedures were made under a dry nitrogen atmosphere. Hyperbranched 
polyester-polyol of a second generation with TMP as a core and bis-MP A was prepared by a 
procedure described in the literature (Figure 1).83 Esterification was carried out at 140 °C 
with p-TSA as an acid catalyst. The chosen TMP:bis-MPA molar ratio 1 :9 corresponded to 
the theoretical molecular weight of 1179 g/mol and a hyperbranched polymer with 12 
terminal hydroxyl groups. The crude polymer was precipitated from acetone in hexane and 
dried under vacuum. F TIR showed no remaining carboxylic acid. C17H35 alkyl tails were 
attached by the reaction of terminal hydroxyl groups with stearoyl chloride in DMF in the 
presence of TEA as an acceptor of HCL As the reaction proceeds, TEA hydrochloride 
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precipitates from the reaction medium, and its quantity corresponds to consume stearoyl 
chloride. The number of consumed stearoyl chloride corresponded to 10, 25, 50, and 75% 
hydroxyl groups in HP-0 (+10% excess). Corresponding specimens are designated as HP-10, 
HP-25, HP-50, and HP-75. All compounds were low-melting materials soluble in most 
organic solvents. As the number of alkyl chains in polymer increased, HB compounds 
became insoluble in water. For example, for HP-25, we used a 50 mL three-neck flask 
equipped with a magnetic stirrer, a dry nitrogen inlet, and a drying tube. Compound HP-0 
(4.0 g, 3.39 mmol) and triethylamine (1.13 g, 11.2 mmol) were dissolved in DMF (25 mL). A 
freshly prepared solution of stearoyl chloride (3.39 g, 11.2 mmol) in DMF (5 mL) was added 
slowly and dropwise. The mixture was kept under stirring at room temperature for 1 h. A 
precipitate of triethylamine hydrochloride was filtered off, and the solvent was removed 
under vacuum. A residue was washed several times with cold hexane. In the same way, 
compounds HP-10, HP-25, HP-50, and HP-75 were synthesized. Attempts to obtain 100% 
substituted molecules were not successful. 
The hyperbranched core had a lH NMR spectrum with the following parameters: cS 
1.04 (s, -CH3), 1.09 (s -CH3), 1.18 (s, -CH3), 3.47 (q, -CH2-OH), 4.03-4.12 (m, -CH2), 4.62 
(br s, -OH), 4.93 (br s, -OH). The values obtained were close to those reported by Malstrom 
et a/.82•83 •84 For alkyl-modified compounds, we observed an appearance of the new bands 
associated with alkyl tails: cS 0.83 (t, -CH3), 1.15-1.28 (m, -CH3, -CH2, 1.5 (t, -
CH2CH2COO-), 2.3 (t, -CH2CH2COO-). 
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4. RESULTS AND DISCUSSION 
4.1. PEO and PS containing polymers 
4.1.1. Synthesis of linear and star homopolymers. 
4.1.1.1. Synthesis of PEO homopolymers. Linear and star PEO polymers were 
synthesized by deprotonation of the hydroxyl groups of the initiator followed by 
polymerization of ethylene oxide in THF at 45°C (Scheme 2). 
Polyethylene Oxide 
~O~OH 
0 
1. KH 
HOXOH 
HO OH 
2. Ethylene oxide 
3. H+ 
HO 
HO 
Linear 4-Arm star 
Scheme 2. Synthesis linear and 4-arm star PEO homopolymers 
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The polymer was recovered after by deactivation of obtained oxanions by adding 
solution of hydrogen chloride in methanol (1: 1 mixture) followed by precipitation of the 
obtained product in ethyl ether. 85 The molecular weight characteristics obtained for linear 
and 4-arm star PEO homopolymers are given in Table 1. 
Table 1. Polymer characteristics for linear and 4-arm star PEO homopolymers 
Polymer structure Mn Mw PDI 
Linear PEO 1 8 687 9 250 1.06 
Linear PEO 2 39 394 44 332 1.13 
Linear PEO 3 6 332 6 841 1.08 
Linear PEO 4k 25 352 27 645 1.09 
4-arm star PEO 50131 63 323 1.26 
4.1.1.2. Synthesis of PS homopolymers. Linear and star PS polymers with various 
molecular weight were synthesized by reaction of the hydroxyl groups of the polyols with 2-
bromoisobutyryl bromide in THF, followed by atom transfer radical polymerization (ATRP) 
of the obtained initiator with styrene as a monomer in the present of CuBr/Bipyridine (Bipy) 
system as a catalyst at 100°C (Scheme 3).9'86 The GPC data of linear and 4-arm star PS 
homopolymers are given in Table 2. 
Linear 
39 
Styrene 
Cu Br/ Bipy 
Bulk, 100 °c 
4-Arm star 
Scheme 3. Synthesis linear and 4-arm star PS homopolymers 
40 
Table 2. Polymer characteristics of linear and 4-arm star PS homopolymers 
Polymer structure Mn Mw PDI 
Liner PS 1 4 515 5 724 1.27 
Liner PS 2 5 078 6 348 1.25 
Liner PS 3 7 214 9 297 1.29 
Liner PS 4 34 061 38 216 1.12 
Liner PS 5 14 505 17 388 1.20 
Liner PS 6 29 636 32 749 1.11 
Liner PS 7 8 781 JO 711 1.22 
4-arm star PS 1 20 311 22 054 1.08 
4-arm star PS 2 45 558 48 952 1.07 
4-arm star PS 3 181 685 204 524 1.12 
4.1.2 Synthesis of heteroarmed star polymers 
The heteroarmed star polymers were obtained in four steps using protected initiator, 
presented on Scheme 4. The synthesis route was given in Scheme 4. Step a- Deprotonation 
of the hydroxyl groups of the initiator followed by polymerization of ethylene oxide in THF 
The polymer was recovered after deactivation of oxanions by tert-
butyldiphenylchlorosylane (TBDPS-Cl). Step b- Removing protecting groups of the polymer 
under mild acidic condition in methanol. Step c- The co-Bromo-PEO precursors were 
obtained after followed reaction with 2-bromoisobutyryl bromide in THF. Step d- Last step 
was performed using atom transfer radical polymerization (ATRP) of styrene as a monomer 
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in the present of CuBr/bipyridyl system as a catalyst. GPC data of heteroarmed star polymers 
are given in Table 3. 
Y-R-(OH)n (Z-PEO)n-R-Y ..Jl... 
Initiator J 2 
R -the core; n+ m=4 
Y, Z - protecting groups 
(Z-PEO)n-R-(OH)m 
~3 
(Z-PEO)n-R-(Br)m 
Macroinitiator 4 
Scheme 4. General route of synthesis ofheteroarmed star polymers (see text) 
Table 3. Polymer characteristics ofheteroarmed star polymers 
Polymer structure Mn Mw PDI 
PEO-b-PS3 1 38 171 45 596 1.19 
PEO-b-PS3 2 23 000 26 000 1.16 
PEOz-b-PS2 1 25 500 30 350 1.19 
4.1.3. NMR data. 
The relative content in PEO and PS was calculated by the integration of the aromatic 
signals and that at 1.05 ppm due to the protons of TBDPS-protecting group; the values are 
given in Table 4. The typical 1H NMR spectrum of linear PEO and PS homopolymers and 
PEO-b-PS3 star block copolymer in CDC13 are shown in Figure 16 and 17. It shows all the 
peaks expected for such a structure. 
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Table 4. NMR molecular characteristics ofheteroarmed star polymers 
Polymer MnNMR 
PEO PS Star 
PEO-b-PS3-l 7.5 K 20K 67K 
PEO-b-PS3-2 7.5 K 9.8K 37K 
PE02-b-PS2 12 K JOK 22K 
b 
C . 0~o,,\ "':01!' "oH 
C C n 
c+d 
I I I I I I I I I I I I 
2 3 4 5 6 7 8 
Figure 16. 1H NMR spectra: linear PEO. 
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Figure 17. 1H NMR spectra: i) linear PS; ii) PEO-b-PS3 star polymer. 
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4.1.4.FTIR data. 
Typical FTIR spectra of PS and PEO homopolymers are shown in Figure 18. 
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Figure 18. FTIR data of linear polymers: a) PEO, b) PS. 
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Infrared spectroscopic data confirmed formation of PEO-b-PS star polymers. Strong 
peak at 2900 cm-1 and broad peak around 1100 cm-1 confirm presence of CH2 and C-O-C 
ether group of PEO units (Figure 19). 
:::J 
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ar C-H d 
CH, d ar C-C d C-H st 
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Figure 19. FTIR data of PEO-b-PS3 S heteroarmed star polymer. 
The peak at 2850 cm-1 corresponds to CH2 and CH stretching vibration of backbone 
of PS chain. Presence of phenyl groups of PS units confirms by strong peaks at 700 cm-' and 
3000-3200 cm-', which correspond to deformation and stretching vibrations of aromatic C-H 
bonds, respectively. That also confirms by two strong peaks at 1450 cm-1 and 1500 cm-1 
corresponding to deformation vibration of C-C bonds of the aromatic ring. The variation of 
the peak intensity for CH2 and CH (ar) groups correspond to the PEO and PS contents. 
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4.1. 5. GPC data. 
The synthesis of the linear and star homopolymers and heteroarmed PEO/PS star 
polymers was controlled by the GPC chromatography. All polymers were shown low 
polydispersity (PDI<l .3). The GPS curves of all intermediate polymers for the synthesis of 
the PEO-b-PS3 star polymer are shown in Figure 20. 
11.5 12.5 13.5 14.5 15.5 16.5 17.5 
Time, min 
Figure 20. GPC data of PEO-b-PS3 heteroarmed star polymer: 2)-PEO-block after 
polymerization; 3)- PEO-block after deprotection; 4)-PEO-(Br)3 
macroinitiator; 5) PEO-b-PS3 star polymer. 
The polydispersity remained low and constant during deprotection of initially 
synthesized PEO segment of the heteroarmed star polymer and quenching this polymer with 
2-bromoisobutirate bromide in the present of triethylamine. The chromatogram after final 
step in the synthesis of heteroarmed star polymer, polymerization of styrene by ATRP, 
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showed the formation of PS segments. The initials peak of precursor is disappeared, which 
means that all PEO macroinitiator molecules were initiated. The presence of new peak with 
higher molecular weight confirmed the formation of the heteroarmed star polymer. 
4.1.6. Thermal properties. 
DCS experiments were performed on all samples in the range -80°C to 150°C. 
Figure 21 shows DSC heating curves for the linear and 4-arm star PEO homopolymers. From 
this, it can be seen that the peak melting temperature Tm of PEO segment is shifted from 
66°C for linear to 63°C for the star polymer. This temperature difference may be due to not 
only complex molecular shape, but also because central core is not included in the PEO 
crystal lattice. The melting peak of 4-arm PEO star polymer also exhibits a broadening 
which may be attributed to higher polydispersity of the star polymer. Similar results were 
observed for two-, tree- and four-arm PEO polymers with Mn(PEo)=2220.87• 88 
PEO-b-PS star copolymers show a unique thermal behavior because contains both the 
crystalline PEO segment and the amorphous PS segments. Figure 22 represents the melting 
of the PEO-b-PS3 heteroarmed star polymer with close molecular weight of PEO block 
(Mn(PEor 7000, Table 5). 
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Figure 21. DCS data of star polymers: 4-arm PEO star polymer (solid line) and linear PEO 
polymer ( dash line). 
The first endothermic peak (T m=45. 7-61.0°C) is attributed to the melting of the PEO 
phase. The second endotherm (about 99°C) corresponds to the glass transition of the PS 
phase. It indicates the block copolymer formation. The DSC results demonstrate that 
microphase separation takes place in the heteroarmed star polymer. The PS chains have 
influence on the crystallization of the PEO segment. Therefore, the peak melting 
temperature Tm of PEO segment is shifted from 66°C for linear to 60°C for the heteroarmed 
star polymer. This difference may be due to steric restriction of crystallization of the PEO 
block, which cause by PS chain segments. 
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Figure 22. DCS data of PEO-b-PS3-1 heteroarmed star polymer. 
Decreasing of glass transition temperature (Tg=90°C<Tg=95°C (lit)) of PS segments is 
in agreement with result of Roovers and Toporowsky, which found that for 4- and 6- armed 
star-shaped PS polymers the T g depends on the concentration of the chain ends and by 
presence of the branch point. 89 Knauss et al. achieved the similar results for hyperbranched 
core and dendritic PS and also for star-shaped PS polymers. 90, 91 
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4. I. 7. X-ray diffraction. 
X-ray diffraction patterns of linear and 4 arm PEO star polymers are shown in Figure 
23. The crystallization of PEO chains is responsible for the appearance of sharp peaks in the 
X-ray patterns. The character of the X-ray diffraction patterns depends on PEO content. 
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Figure 23. X-ray diffraction data of PEO polymers a) linear (solid); b) 4-arm star polymer 
(line+dot). 
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The pure PEO has excellent crystallibility. The crystallinity of the crystallized 
samples is low compared to 92-95% for the PEO homopolymer having the same Mn.92'93 X-
ray results for the linear and the 4-arm star PEOs show identical diffraction peak positions 
(Figure 23), indicating that star architecture does not affect the monoclinic PEO crystal 
structure.94 A comparison of X-ray data for linear and 4-arm star PEO polymer shows 
(Figure 23) slight reduction in the intensity of the peaks at 20=19° and 23°, which correspond 
to the [120] and [032]+[112] crystallographic planes in the X-ray diffraction pattems.95 In 
the crystals, the PEO macromolecules assume a helical conformation consisting of seven 
monomer units per identity period of 1.948 nm. 96 The literature data95 and calculated values 
of unit cell dimension monoclinic crystal structure of PEO and degree of crystallinity a are 
represented in Table 5. 
Table 5. Literature data (linear PEO) and calculated value of unit cell dimension of 
monoclinic PEO crystal structure. 
Unit Cell Dimension a,A b,A c,A a,% 
Literature data 8.05 13.04 19.5 92 
Linear PEO 8.03 13.06 19.4 67 
4-arm PEO star polymer 7.98 13.1 17.9 55 
Comparison of literature data with experimental data has shown lower value of 
degree of crystallinity of linear low molecular weight PEO due to different thermal history 
and higher polydispersity of experimental polymers. Also, comparison of experimental 
linear and star PEO polymers with the same molecular weight of individual PEO chains that 
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presence of junction point in the star polymers caused significant decreasing the degree of 
crystallinity from 67% to 55% due to the restricted motion among the four arms and 
incomplete crystallization of some PEO arm of star polymer. These uncrystallized arms must 
be located in the amorphous layers. 
Table 6. Literature data and calculated values of unit cell dimension of monoclinic PEO 
crystal structure. 
Unit Cell Dimension a,A b,A c, A a,% 
Literature data 8.05 13.04 19.5 92 
Linear PEO 8.03 13.06 19.4 67 
4-arm PEO star polymer 7.98 13.1 17.9 55 
Introduction of PS non-crystalline segments, which X-ray diffraction is showed in 
Figure 24, in PEO star polymer reduces its crystallinity, which shows mainly in three aspects. 
First, due to the hydrophilic and crystalline properties of PEO homopolymer and the 
hydrophobic and stiff chain properties of PS homopolymer, they are not compatible, and 
therefore, the their blend exhibits a microscopic phase separation and each of them 
aggregates separately. Due to chemical combination between PEO and PS segments, PEO-b-
PS copolymer able to exist in microphase separation. Thus, PEO crystal became defective, 
and apt to be melted at low temperature, which leads to a fall in melting temperature. DSC 
data of heteroarmed star polymer proved it (Tm=60°C of the PEO block in PEO-b-PS3 
polymer lower than T m=66°C the linear PEO with the same Mn)-
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Figure 24. X-ray diffraction data oflinear PS polymer. 
Second, under the same condition, crystallinity of PEO-b-PS copolymer is lower than 
that of PEO and with the increase of the PS non-crystalline segment, the crystallinity of PEO 
decreases. Third, additional presents of junction point in star polymers increases amount of 
crystal defects, which also leads to decreasing of crystallinity. In addition to this, degree of 
crystallinity of the heteroarmed PEOn-b-PSm star polymers significantly depends on ratio 
between PEO and PS segments. 
Despite relatively high PEO content (20 %) in heteroarmed PEO-b-PS3-2 star 
polymer, the X-ray data of the heteroarmed PEO-b-PS3 star polymers are the same as linear 
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PS (Figure 25). It confirmed with literature data for linear PEO-PS block copolymer with 
close chemical composition.97 
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Figure 25. X-ray diffraction data ofheteroarmed star polymer: a) PEO-b-PS3-1, 
5.1.8. Langmuir isotherm. 
The surface behavior of amphiphilic star polymers depends strongly upon chemical 
composition and architecture of the macromolecules. The reproducible n-A isotherms were 
obtained for the heteroarmed PEO-b-PS3-1 and PEO-b-PS3-2 star polymers. The molecular 
weight from GPC was used as a representative. The effect of the PS chain length on the 
pressure-area isotherm is represented in Figure 26. 
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The general shape of the isotherms is in agreement with isotherms of PS-PEO diblock 
copolymers.98 Three regions can be distinguished upon compression; they are corresponding 
to different chain conformation: 
1. At low surface density the film pressure is dependent almost entirely on the 
hydrophilic PEO block length, while an increasing of the length of the hydrophobic PS block 
causes only minor pressure at given area. It is 2D dilute regime. 
2. At the middle of compression re-A isotherm forms some platoon. For this 
intermediate densities, the chains should interact more strongly than in the dilute regime. 
Two limited cases can then be considered for their conformations: the polymer chains may 
interpenetrate at the interface, and a 2D regime could then be expected: another possibility 
corresponds to the desorption of part of the EO monomers from air-water interface into the 
bulk to form a 3D semidilute layer. Consequently, in this density range, the chain 
conformation is intermediate between purely 2D entangled layer and a 3 D i nterpenetrated 
layer. When monolayer is compressed, the chains adopt a conformation with part of the 
segments still at the interface and some into water subphase. 
3. At sufficiently higher surface densities of the star polymers the film pressure it 
depends only on the block length of the hydrophobic PS block. Upon further compression, 
the PEO chains are pushed out of the surface layer into the water subphase to form a brush 
structure. At high coverage, the interface is completely covered with PS blocks. 
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Figure 26. Effect of the size of PS block on the surface pressure isotherm: PEO-b-PS3-1 
(dash line) and PEO-b-PS3-2 (solid line). 
The surface area per molecule, Ao, was calculated by the extrapolation of the steep 
rise in the surface pressure to a zero level in accordance with a usual procedure.99 Numerical 
values can be obtained from such an extrapolation only if the molecular weight of the 
molecules is a known parameter. The value of Ao was determined as A0-1 for PEO-b-PS3-1 
star polymers was 18 nm2 and A0-2 for PEO-b-PS3-2 -14 nm2 . The surface area per 
molecules calculated from the surface area isotherms under these two assumptions is 
presented in Figure 26. Both sets of data show remarkable linear increase with increasing PS 
content and differ from each other by an overall slope of this relationship. The difference in 
the surface areas per molecule for the highest PS content calculated does not exceed 20-30%. 
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4. 1. 9. AFM studies. 
The surface properties of amphiphilic heteroarmed star polymers have been 
investigated by AFM in tapping mode by height and phase imaging. The AFM showed 
spontaneous aggregation of amphiphilic star polymers at the air-water interface without 
compress10n. 
At surface pressure <5mN/m, a pattern of high elevation of PS spheres, sometimes 
chained to forms rods, surrounded by lower elevation PEO regions were observed. The 
height of the spherical aggregates is fluctuated from 2nm up to 6nm. While compression, an 
evolution of the structure from sphere to rods domains was observed for PEO-b-PS3-l 
heteroarmed star polymer. With following increasing pressure the packing of domain 
became denser, and then PEO-b-PS3-1 collapsed with formation lamellar structures (Figure 
27). 
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Figure 27. AFM images of LB monolayers of PEO-b-PS3-l star polymer at different surface 
pressure, topography (left) and phase (right)). Scan size is 2 x 2 µm, height scale 
is 15 nm, and phase scale is 30°, 40°,60° respectively. The corresponding cross 
sections are shown at the right. 
On another case, amphiphilic PEO-b-PS3-2 star polymer with twice-shorter PS block 
length even after compression to 30 mN/m still kept sphere structure with a few rod-like 
domains (Figure 28). Detailed microstructural analyses of the interfacial ordering of the 
domains of the amphiphilic heteroarmed star polymers were made at both the air-water 
interface and the solid surface. At very low pressure, the heteroarmed star polymers formed 
pattern of PS sphere. 
59 
Figure 28. AFM images of LB monolayers of PEO-b-PS3-2 star polymer at different surface 
pressure, topography (left) and phase (right)). Scan size is 2 x 2 µm, height scale 
is 10 nm, and phase scale is 15° and 40° respectively. The corresponding cross 
section and 3D image of the monolayer at surface pressure of O mN/m are shown 
at the right. 
Also, adsorption of both heteroarmed polymers was studied from various solvents and 
different concentrations. Despite significantly low concentration of polymers in solution 
(lx10-7mole/L) we could not detect individual staying completely spread star polymers. We 
always received continuous monolayers of spherical domains of different height (Figure 29). 
It can be explained by balance of interaction between solid hydrophilic interface and 
polymer. Because the attraction between the surface of solid substrate and the PEO block is, 
the interaction of hydrophobic PS block with both PEO and solid surfaces leads to minimize 
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contact of PS with both PEO and solid surface, which drive to form surface aggregation, in 
this case micelles, and PEO spread at the surface. 
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Figure 29. AFM images of adsorpted layer of PEO-b-PS3-l star polymer from chloroform 
solution. Scan size is 1 x 1 µm, height scale is 40 nm, and phase scale is 10°. The 
corresponding cross section and 3D image of the layer at are shown at the right. 
4.2. Alkyl modified hyperbranched polymers. 
4.2.1.NMR data. 
Idealized chemical structures of hyperbranched polymers based on the polyester-
polyol core with hydroxyl-terminated groups (HP-0) and 25% substitution of the hydroxyl 
terminal groups by alkyl tails, C17H35 , HP-25, are presented in Scheme 5. The number of 
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hydroxyl groups (12) in the idealized second-generation core HP-0 was evaluated from the 
initial composition of chemical compounds involved in the reaction. The molecular 
characteristics of synthesized compounds are shown in Table 7. 
NMR data confirmed the chemical composition and the branching structure of 
compounds (Figure 30). Each repeating unit within the hyperbranched core was associated 
with the following chemical shift difference on 13C NMR spectra: T, terminal unit (ppm), 
50.65, L, linear unit (ppm), 48.85, D, dendritic unit (ppm), 46.80 of the quaternary carbon 
(Figure 31 ). 22•23 The degree of branching (DB) for hyperbranched polymers based on AB2 
monomers is defined according to Hawker et al. 5 as follows: 
DB= (SD+ST)/(SD+ST+SL) (2) 
where I:D, I:T, and I:L are total contributions from dendritic, terminal, and linear units, 
respectively (Figure 30). 
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Scheme 5. Synthesis ofHP-0 and HP-25 hyperbranched molecules 
According to 13C NMR data, the initial core retained a similar degree of branching for 
compounds studied varying from 46% to 52%. This is close to the theoretical estimation and 
indicates the presence of a significant fraction of linear fragments. At this level of branching, 
estimated eight hydroxyl groups should be present on the exterior of the molecule and four 
groups should be located in the interior space of the molecule. Strong overlapping of several 
peaks on the NMR spectra prevented unambiguous evaluation of a number of alkyl tails in 
the alkyl-modified molecules. GPC data showed molecular weight distribution with a 
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polydispersity index of 1.3-1.6 that indicates modest polydispersity of the hyperbranched 
molecules similar to previously reported values (Table 7).22•35 
Table 7. Characteristics of compounds HP-N 
Compound 
HP-0 
HP-10 
HP-25 
HP-50 
HP-75 
Mn theoretical Mn (g/mol) Mw (g/mol) 
1179 979 1350 
1498 1154 1795 
1977 1046 1626 
2775 1975 2494 
3573 2160 2973 
HP-0 
HP-25 
52 51 50 49 48 47 46 45 
Chemical shift (ppm) 
Figure 30. 13C NMR spectra of compounds HP-0 and HP-25. 
Mw/Mn 
1.38 
1.55 
1.55 
1.26 
1.38 
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4.2.2. FTIR spectra 
FTIR spectra for HP-0 confirmed the targeted chemical microstructure. Spectra for the 
initial core were similar to ones reported previously for a similar hyperbranched core and 
(Figure 31 ). 100 They showed no adsorption bands related to remaining carboxylic acid but only 
ester bands (1730 cm-1, C=O) that indicated completeness of the substitution reactions. 101 A 
strong and broad peak around 3200-3600 cm-1 and a small peak at 530 cm-1 confirmed a high 
concentration of hydroxyl groups in HP-0 molecule. 36 An increase of content of C17H35 
branches resulted in systematic reduction of the intensity of these adsorption bands and a rising 
intensity of a double peak at 2920 and 2880 cm-1' which corresponds to a CH2 stretching 
vibration (Figure 31). 
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Figure 31. FTIR spectra for the compounds studied: (a) full spectra for HP-0 (solid) and HP-
75 (dot) compounds. 
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4.2.3. GPC 
The molecular weight of the alkyl-terminated hyperbranched compounds showed a 
virtually linear increase with substitution content. The experimentally measured molecular 
weights were systematically lower than the theoretical values obtained from the idealized 
models that indicate less perfect chemical microstructure (Table 7). However, because PS 
standard-based GPC measurements underestimate the molecular weight of dendritic 
macromolecules, a discussion of significance of these differences on a quantitative level is 
meaningful.35•102 
4.2.4. DSC studies 
DSC studies of modified hyperbranched materials revealed the presence of melting 
points in the temperature range 40-60°C and glass transition temperatures below -30°C (not 
shown). These transitions are clearly related to melting of alkyl tails and the glass transition 
of hyperbranched cores, respectively. 103 These separate transitions indicate highly phase-
separated microstructure with independent packing and crystallization of terminal alkyl 
branches and hyperbranched cores similarly to modified regular dendrimers. 104 
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4.2.5 Langmuir isotherms 
The surface compression behavior of hyperbranched polymers depends strongly upon 
the actual number of hydrophobic tails attached to the polar core. The reproducible and 
reversible n-A isotherms were obtained for the hyperbranched compounds with higher than 
25% of branches terminated with alkyl tails (Figure 32). Both the core itself and the alkyl-
modified compound with low content of alkyl tails, HP-10, were gradually dissolving in the 
sub-phase during compression. The reproducible isotherms for the hyperbranched 
compounds with 25-75% substitution showed a steady increase in the surface pressure upon 
compression that is indicative of the formation of stable Langmuir monolayers with liquid 
and solid 2D phase formation typical for the amphiphilic compounds. 
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Figure 32. Pressure-area isotherms for Langmuir monolayers of the compounds HP-N series. 
The Mn of the molecules was taken from GPC data. 
4.2. 6 AFM studies 
AFM imaging confirms domain microstructure of the monolayers under the surface 
pressure studied. Figure 33 shows selected AFM images of the LB monolayers deposited on 
a bare silicon substrate at the surface pressure of 35 mN/m. Aggregate domain 
microstructure associated with usual two-phase state (solid-liquid) of the monolayers could 
be clearly observed. The diameter of these domains changed with the degree of C17H35 
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substitution. The shape of the domains for HP-25 was approximately round and they had a 
uniform diameter, in the range from 2 to 4 µm. Domains were flat with fine internal 
structure visible within these domains at high magnification and microroughness within lxl 
mm area below 1 nm (Figure 34). For the hyperbranched polymers with a higher content of 
alkyl tails, the domain became larger ( 6-1 0µm in diameter) with a dendritic shape composed 
of several anisotropic domains growing from a single center. 
The height of domains, obtained from AFM cross-section analysis, was within 0.6-0.8 
nm as calculated from the reference level of the surrounding monolayer surface (Figure 34). 
The height of deposited monolayers outside of domain areas of 1.25-1.62 nm was close to 
that of the monolayers deposited at low surface pressure (1.13-1.33 nm). This further proved 
that the matrix monolayers were formed by the hyperbranched molecules with predominantly 
randomly oriented tails. 
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Figure 33. AFM images of LB monolayers for all amphiphilic hyperbranched compounds 
studied deposited at the surface pressure of 35 mN/m (topography (left) and 
phase (right)). Scan size is 25 x 25 µm, height scale is 20 nm, and phase scale is 
30°. Zoom-in image (8 x 8 µm) and the corresponding cross section of the 
domain structures for HP-25 (top, right) and surface morphology of domains at 
high resolution (800 x 800 nm) (bottom, right). 
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GENERAL DISCUSSION AND CONCLUSIONS 
Combination of the anionic polymerization of ethylene oxide with the atom transfer 
radical polymerization of styrene was exploited to engineer block PS/PEO copolymers in 
original topologies. A series of linear and star PS and PEO homopolymers of various 
molecular weights were synthesized as a reference in study of bulk properties of heteroarmed 
star polymers. Amphiphilic heteroarmed star polymers were obtained consequently by 
anionic polymerization of EO and ATRP of styrene using the 2-bromoisobutirate derivatives 
of polyols as initiators with Mn(PEo)=6000-40000, Mn(Ps)=4000-180000, PDI<l .26. Two new 
PEO/PS star copolymers were synthesized by ATRP of styrene using the 2-bromoisobutirate 
derivatives of PEO precursors with close molecular weight but they differ by the topological 
arrangement of their external PS arms: heteroarmed PEOn-b-PSm (n=l, m=3 or n=m=2) star 
polymers: Mn(PEo)=6000-7000, Mn(Ps)=6000-20000, PDlstar<l.25. The PEO-b-PS3 polymers 
were synthesized for the first time. All polymers were characterized by 1NMR, FTIR and 
GPC. The synthetic pathway followed to prepare such copolymers enabled us to control both 
the functionality and the hydrophilic-lipophilic balance. The well-defined character of these 
novel branched architectures was verified upon cleavage of the ester functions linking the 
PEO moiety to the PS part. 
We succeed to evaluate the role of topology on the bulk and surface properties of the 
amphiphilic heteroarmed star polymers. DSC data of PEO homopolymers showed the Tm 
decreasing from 66°C for linear PEO to 63°C for 4-arm star PEO polymer. DSC data of 
heteroarmed star polymers showed additional fall of Tm of PEO segment due to presence 
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junction point and influence of noncrystalline PS segments on microphase separation of star 
polymers. 
X-ray data was showed that degree of crystallinity decreased from 67 for linear to 55 
for star PEO homopolymers, which was expected because of junction point of the star 
polymers. For heteroarmed PEOn-b-PSm star polymers, degree of crystallinity depends not 
only upon chemical composition, but also on topology of PEO and PS segments at the central 
core. Despite relatively high PEO contents (X(PEO)=20%), no peaks wre observed in X-ray 
diffraction of the heteroarmed PEO-b-PS3-2 star polymer. It can be explained by influence 
of three PS chains, connected with PEO block through junction point. 
At the first time, the AFM studies of the interfacial ordering of the domains of the 
amphiphilic heteroarmed star polymers were performed at both air-water interface and solid 
surfaces. We found, that at very low pressure, immediately after spreading the heteroarmed 
star polymers formed layer of PS sphere. With increasing pressure the packing of domain 
became denser, and then PEO-b-PS3-1 collapsed with formation lamellar structures. On 
another case, amphiphilic PEO-b-PS3-2 star polymer with shorter PS block length even after 
compression to 30 mN/m still kept sphere structure, but with very dense packing. Not only 
ratio between PEO and PS, but also amount of chains connected through the core with very 
small size, can be used to control surface morphology at the polymer interface. 
Also, we synthesized and characterized chemical structure a series of alkyl terminated 
hyperbranched polymer with a variable amphiphilic core-shell balance. We found that, 
despite the fact that the degree of branching of imperfect polyester cores was 50%, the 
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chemical reaction of substitution of the hydroxyl groups with the alkyl tails was very 
efficient. The number of alkyl tails attached to the branches was fairly close to the 
theoretical expectations based on assumption that all targeted hydroxyl groups were available 
for the reaction despite their inequivalency due to interior/exterior locations. 
Detailed m icrostructural analysis o ft he i nterfacial ordering revealed that organized 
monolayers with distinct miccelar structure are formed at both air-water interface and solid 
surfaces if a number of alkyl tails is higher than two-three per the polyester core of second 
generation. At high surface pressure, the alkyl tails became arranged in an up-right 
orientation with dense liquid-crystalline ordering of the quasi-hexagonal type. The core 
structure is transformed into the oblate, flattened state with preservation of standing-off 
orientation oft he alkyl tails for h yperbranched molecules with crowded outer shells. W e 
suggest that irregular branching and random attachments of the terminal alkyl tails in the 
hyperbranched molecules prevent the formation of regular lateral ordering and crystallization 
of the alkyl tails within Langmuir monolayers usually observed for modified dendrimers 
molecules. 
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